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ABSTRACT

Oscillations in grid voltage, output voltage and output current were
observed over a wide range of operating conditions with a cesium-vapor triode.
At higher cesium pressures, the oscillation period is an increasing function
of the cesium pressure, which implies that the oscillations are controlled by
scattering of positive ions in the interelectrode region. An approximate cal-
culation of the ion accelerating voltage required to transfer ions from the
middle of the emitter-collector space to the collector indicates a voltage of
between 0.5 and 1.0 volt. This calculation is based on collisionless ion

transport at low cesium pressures and ion transport dominated by charge-exchange
collisions at high cesium pressures. It was observed that the oscillations stop
-it a definite point on the current-voltage characteristic.

Pulsed-discharge experiments were initiated to investigate current-

density limiting factors in a cesium diode operating in the intermediate tempera-
ture range. The experimental technique consisted of applying a pulsed discharge
to the test cell and observing the effect upon output current after the pulse.

When the diode operation was space-charge limited, a large increase in current
was observed after the pulse; whereas if the current was nearly emission
limited, only a small increase was observed. Reasonable agreement was obtained
between the current density measured after a pulsed discharge and the saturated
electron current density obtained from the literature. Measurements of the time
required to establish equilibrium after the pulsed discharge provided infor-

mation on the physics of cesium diode thermionic converters. A calculation
based upon the experimental measurements indicates that charge-exchange col-

lisions will control ion transport to the emitter or collector, where surface
recombination will occur.

Calculations have been performed based upon a literature survey of
charge exchange collisions and ion mobility in cesium vapor. Charge exchange
collisions result in a slowing down of positive-charge transfer within or across

the interelectrode volume. The exploratory measurements of this report, to-
"gether with the calculations summarized in Appendix A, indicate that charge

exchange collisions may play an important part in determining the current-
limiting factors in cesium thermionic converters.

1*
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I. INTRODUCTON

The purpose of the work summarized in this report is to obtain a
better understanding of the factors which limit the current density in a
cesium-diode thermionic converter operating in the emitter temperature
range of 1270 to 19000C. For maximum power output, it is desirable to
operate the converter with an output voltage approximately equal to the dif-
ference between the emitter and collector work functions. If complete space-

charge neutralization could be attained, together with negligible resistance
in the interelectrode plasma, then the output current would be equal to the
emission-limited current at the emitter surface. The chief question under
investigation in, this program is: In an actual thermionic converter, what
factors limit the current density to less than the theoretical emission-
limited value?

Conceptually, the simplest mode of converter operation utiltzes a
high-work-function emitter operating at a high surface temperature 1).
Neutral cesium atoms reach the emitter surface and are emitted as cesium
ions in a quantity sufficient to neutralize the electron space charge. The
cesium pressure is maintained sufficiently low so that the mean free path
for elastic scattering of electrons is of the order of or greater than the
spacing between emitter and collector. Then the component of plasma resistance
due to scattering of electrons by neutrals is negligible. The spacing is small

Senough so that the resistance due to electron-ion collisions is also small.
The cesium coverage of the emitter surface is usually negligible. Under these
conditions, the output current can approach the emission-limited current of the
emitter. However, a high emitter temperature is required for this mode of
operation, leading to short operating lifetime and serious difficulties in
converter and heat-source materials.

A lower temperature range of cesium diode operation is available,
using emitter temperatures from 12700C to 19000C. For this range of operation,
the effective emitter work function should be less than the ionization potential
of cesium, in order to obtain reasonable current density and efficiency.
Emitter materials of current interest include cesium-coated refractory metals,
dispenser materials such as thoriated tungsten, and various metallic carbides.
Cesium ions can be obtained by both volume and surface ionization. Operation
in this temperature range is more complex and is less well understood thanoperation at high emitter temperature and low cesium pressure.

There are several factors which decrease the output current to less
than the emission-limited current in the intermediate temperature range of
cesium diode operation. Complete neutraiization of the electron space charge
may not be realized, so that a space-charge barrier is present between the
emitter and collector surfaces. Electron scattering can cause appreciable
resistance in the interelectrode plasma, decreasing the output current at a
given voltage. In some cases, oscillations in output current (and voltage)
yield a decrease in the average cur ent and power density. The emission
limited current in itself is an uncertain factor in that it can be affected
by many parameters of converter operation, including the presence of a positive
ion sheath near the emitter.
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Background information for this program was obtained under the Mar-
quardt Corporate Independent Rese~x h Program on the transient characteristics
of a low-temperature cesium diode 2j. This program suggested the use of
pulse-discharge techniques to explore output-current-limiting mechanisms in
the intermediate-temperature thermionic converter for the present program.
Oscillations in the frequency range of 10 to 30 kc were also observed with
the low-temperature cesium diode. In part, these observations provided the
foundation for the measurement of oscillations in the 592 triode reported
herein.

i

I

I!
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II. SUMMARY

Experiments were conducted with a cesium-vapor triode. Oscillations in
grid voltage, output voltage and output current were observed over a wide
range of operating conditions. At higher cesium pressures, the oscillation
period is an increasing function of the cesium pressure, which implies that the
oscillations are controlled by scattering of positive ions in the interelectrode
region.

An approximate calculation of the ion accelerating voltage required to
transfer ions from the middle of the emitter-collector space to the collector
indicates a voltage of between 0.5 and 1.0 volt. This calculation is based on
collisionless ion transport at low cesium pressures and ion transport dominated
by charge-exchange collisions at high cesium pressures. This voltage is con-
sistent with the sheath potential which might be expected in a cesium plasma
with alternating negative and positive charge density.

It was observed that the oscillations stop at a definite point on the
current-voltage characteristic. There is some evidence that the current at
the cessation of oscillations corresponds to the zero-field saturated emis-
sion of the thoriated-tungsten emitter; however, a further increase in current
is observed when the output voltage is lowered. An increase in current beyond
the zero-field saturated current could be due to field-enhanced emission
caused by a voltage gradient across the emitter sheath.

Based upon preliminary experiments done under the Marquardt Corporate
Independent Research Program, pulsed-discharge experiments were initiated to
investigate current-density limiting factors in a cesium diode operating in the
intermediate temperature range. The experimental technique consisted of applying
a pulsed discharge to the test cell and observing the effect upon output current
after the pulse. When the diode operation was space-charge limited, a large
increase in current was observed after the pulse; whereas if the current was
nearly emission limited, only a small increase was observed. Reasonable agree-
ment was obtained between the current density measured after a pulsed discharge
and the saturated electron current density obtained from the literature.

Measurements of the time required to establish equilibrium after the
pulsed discharge provided information on the physics of cesium diode ther-
mionic converters. Based upon the measured time constant of the exponential
current decay, an estimate of the potential in the interelectrode region was
obtained. The calculation indicates that the interelectrode region is at a
potential of about +0.6 volt with respect to the top of the work function
barrier at the emitter or collector. This voltage could be maintained by a
slight excess of positive ions over electrons in the interelectrode region.
The positive ions would be supplied by volume ionization; charge-exchange
collisions will control ion transport to the emitter or collector, where sur-
face recombination will occur.
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Appendix A contains calculations based upon a literature survey of charge
exchange collisions and ion mobility in cesium vapor. Charge exchange collisions
result in a slowing down of positive-charge transfer within or across the inter-
electrode volume. The exploratory measurements of this report, together with
the calculations summarized in Appendix A, indicate that charge exchange col-
lisions may play an important part in determining the current-limiting factors

I in cesium thermionic converters. Further quantitative work is required to
obtain a better understanding of the importance of this factor.

I
!

I
I
I
!
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III. CONCLUSIONS

1. Coherent oscillations can occur in a cesium discharge under either
collision-free or collision-dominated conditions. At sufficiently
high cesium pressures the oscillation frequency is inversely pro-
portional to the cesium pressure.

2. The observed variation in oscillation frequency with cesium pressure
is consistent with a physical picture based on ion mobility determined
by charge exchange collisions.

3. Pulsed discharge experiments provide a useful technique for investi-
gating current-limiting factors in thermionic converters.

4. At emitter temperatures of 1270 to 1300°C and a cesium pressure of
2.7 torr, the output current obtained from a cesium diode is highly
space-charge limited. At a lower cesium pressure of 1 torr, the
limitation is less severe.

5. After a pulsed discharge is applied to a converter, the output cur-
rent decays exponentially. The observed decay time is compatible
with an interelectrode-space potential of +0.6 V(calculated from the
charge-exchange cross section)with respect to the top of the emitter
or collector work-function barriers.

6. Consideration of the cross section for charge-exchange collisions be-
tween cesium ions and cesium atomsand the resultant ion mobility, in-
dicates that this collision process can be very important in the theory
and operation of the cesium diode.

!
I
!
I
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IV. OSCILLATIONS AND THEIR RELATION TO ELECTRON CURRFENT AND ION MOBILITY

A. Experimental Tube

The tube used in the experiments is a modified Eimac 592 triode. This
is a glass-envelope transmitting tube with a directly-heated thoriated-tungsten
emitter. The tube was modified by adding a suitable tubulation for the intro-
duction of cesium, and by cutting a hole in the collector (plate) to allow measure-
ment of the emitter temperature with an optical pyrometer. The 0.3 mm filament
wire is coiled into a 5.5 mm O0 helix; the 8.8 mm ID grid and the 22 mm ID
collector cylinder are both concentric with this emitter structure. The total
surface area of the emitter wire is 0.77 cm2 .

B. Experimental Procedure

Cesium was introduced and the tube was sealed and placed in an oven
for maintaining the desired cesium pressure. The sealed-off end of the exhaust
tubulation was used as a cesium reservoir, and the tube wall was maintained
above the cesium condensation temperature. The filament was heated with 60 cps
half-wave-rectified current. Pulsed grid voltage, output voltage and output
current measurements were made with an oscilloscope during the off portion of the
heating cycle (to eliminate errors caused by the heating voltage). The emitter
temperature was measured with an optical pyrometer and corrected for the filament
emissivity.

C. Experimental Results

1. Oscillation Frequency

Large-scale coherent oscillations in output voltage and current
were observed over a wide range of operating conditions. Typical oscillations
are shown in Figure 1 for a cesium pressure of about 8 x 10-3 torr. During the
measurement pulse, the output voltage oscillates between +0.5 and -1.0 volt,
while the output current varies between 0.4 and 0.25 A. Oscillations in the
floating grid potential are also shown.

JTwo distinct oscillation frequencies are clearly visible in this
oscilloscope photograph. The higher frequency of approximately 100 kc is believed
due to positive ion oscillations between the emitter and the grid, and the lower
frequency oscillations of 10 kc may be due to similar oscillations between the
emitter and collector. It can be noted that the higher frequency is predominant
in the grid voltage trace, and the lower frequency predominates the output voltage
trace.

An oscilloscope photograph of the oscillations observed at a higher
cesium pressure of 5 x 10-2 torr is shown in Figure 2. It can be seen that the low
and high frequency oscillations occur at 2.5 kc and 60 kc respectively. As before,
the high frequency oscillations are more apparent in the grid voltage trace and the
low frequency oscillations are predominant in the output voltage trace.
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OSCILLATIONS IN OUTPUT VOLTAGE, GRID VOLTAGE,

AND OUTPUT CURRENT

CES!UM TEMPERATURE = 1500 C
CESIUM PRESSURE = 8 x 10-3 towr
EM!TTER TEMPERATURE = 1725VC
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MIDDLE TRACE, GRWD VOLTAGE (REFERENCED TO EMITTER),
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OSCILLATIONS IN OUTPUT VOLTAGE GRID VOLTAGE,
AND OUTPUT CURRENT WITH INCREASED CESIUM PRESSURE

7

CESIUM TEMPERATURE = 188'C
CESIUM PRESSURE = 5 x 10- 2 torr
EMITTER TEMPERATURE = 1725°C

I

-Vg I

Io T °0-

I11
I

UPPER TRACE. OUTPUT VOLTAGE 0.5 v,1U 1d:vsxon
f MIDDLE TRACE: GRID VOLTAGE (REFERENCED TO EMITTER),

0..5 volt/divisio,

LOWER TRACE: OUTPUT CURRENT, 2 A/d;visr:n

HORIZONTAL SCALE: TIME 2 x 10- 4 se~cid/div~son

SR- 13,300 Figure 2
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The oscillation period and frequency (for the lower-
frequency oscillations) are shown as a function of cesium pressure in
Figure 3. Measurements were made at the onset of oscillations; i.e., at
the lowest current at which a coherent oscillation was obtained. These
measurements were taken at an emitter temperature of 1805*C. No signi-
ficant variation in oscillation frequency was observed when the emitter
temperature was changed, provided the convention of taking the measure-
ments at the onset of oscillations is observed. Increasing the current
beyond the minimum level for oscillations caused a decrease in the oscil-
lation frequency.

At the low-pressure end of the curve, from A to B, the
oscillation period is nearly constant at 10-5 seconds, corresponding to an
oscillation frequency of 100 kc. In the middle section of the curve, from
B to C, the oscillation period is approximately proportional to the one-
third power of the cesium pressure Uoc p*), and in the higher- pressure
portion of the curve, from C to D, the oscillation period is directly
proportional to the cesium pressure (t-cp ).

The temperature of the cesium gas in the region between the
emitter and the collector is nearly constant, so that the cesium atom density
is proportional to the pressure. Therefore, the oscillation period between
points C and D is approximately proportional to the cesium density. This
dependence implies that the period is controlled by scattering of positive
ions and/or electrons in the inter-electrode region at the higher cesium
pressures. At lower cesium pressures the scattering is negligible and the
oscillation period appears to be a function of the transport time of
charged particles in the interelectrode region. The middle section of the
curve from B to C may represent a transition region between these two

!i regimes.

2. Current-Voltage Characteristics

Figure 4 shows the current-voltage characteristics obtained
at a cesium pressure of 8 x 10-3 torr. Curves are shown for several dif-
ferent values of emitter temperature. The measurements were taken during
the off-portion of the heating cycle. The open-circuit grid voltage (floating
grid potential) is shown as a parameter on the current-voltage character-
istics. It can be seen in Figure 4 that oscillations started at positive
output voltage and extended over an appreciable portion of each current-
voltage characteristic. As the output current was increased, a point on
each characteristic was reached where the oscillations suddenly ceased and
steady voltage and current were again obtained.
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D. Discussion and Interpretation of Data

1. Physical Mechanism of Observed Oscillations

Instabilities in the operation of a gaseous di cha ge in
cesium vapor have been experimentally observed by many workers(3-5). These
instabilities often lead to coherent oscillations in voltage and current.
In the analysis of the oscillations, it is usually assumed that space-charge
effects are the most important physical ie~hanisms involved, although wave
phenomena such as ion-wave instabilities 5) may play a part in triggering
the oscillation. Space-charge oscillations appear to be consistent with the
oscillation frequencies observed with the 592 triode.

Calculations of the potential distribution across a plasma
diode indicate that more tla• one potential profile is possible for a given
set of boundary conditions(T). In some cases, no stable potential distri-
bution exists. The calculation by Hernqvist and Eichenbaum( 8 ) indicates that
instabilities arise in a c~llisionless plasma when the space-charge is nearly
neutralized. Their results yield a double-valued solution for the potential
distribution when the electron and ion emission currents are such as to pro-
duce a plasma that is nearly neutral. Their calculation is for a collision-
less plasma; in the 592 triode the plasma is essentially collisionless atlower cesium pressures and is collision-dominated at higher cesium pressures.

Space-charge oscillations require the alternate buildup and
decay of an ion surplus in the interelectrode region. An excess of ions in
the interelectrode region causes an increase in electron current from the
emitter together with a decrease in the emitted ion current. The resulting
potential distribution eventually yields a negative space potential with a
barrier which limits the electron emission to a value below the saturation
value. In this type of oscillation, we would expect the oscillation fre-
quency to be closely related to the ion transit time within or across the
interelectrode region.

I Order-of-magnitude estimates can be obtained of the ion-
accelerating voltage) V, required to transfer ions from the middle of the
emitter-collector space to the collector, where surface recombination will
occur. The oscillation period t is shown in Figure 3; the ion transit time
will be estimated as 1/2 of the oscillation period. The average distance
covered by an ion during this transit time is of the order of 1/2 of the

Semitter-collector spacing of w = 0.84 cm so that the average ion velocity
can be approximated as w/t = 0.84/t cm per sec.
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A minimum value of the ion-accelerating voltage (when no
ion-scattering collisions occur) is given by the energy relation

eV = 1/2mv2  mw2S~2t2

The voltage calculated from this equation is plotted as a function of cesium
pressure on the left side of Figure 5. The accelerating voltage calculated
in this manner is only applicable if the ion mean free path is larger than
the interelectrode spacingso that ions do not lose energy by scattering
collisions during transport to the collector.

The most probable collision process for low-energy cesium
ions is the charge-exchange collision, which results in a slowing down of
charge transfer across the cesium plasma (see Appendix A). The mean free
path for this process is given in terms of the average atom cross-section
Q (O 2 x 10-13 cm2 for charge-exchange collisions) and the average atom
density 1 as

The mean free path is equal to the spacing, 0.84 cm, at an atom density of
N = 6 x 1012 atom per cm2, which corresponds to a cesium pressure of 3 x lO-4
torr. At higher cesium pressures than this, the ion collides many times
during transport to the collector and an equilibrium ion velocity is very
soon established. This equilibrium velocity is given by the mobility
relation

which can be written as

if the actual electric field E is approximated by a linear one equal to
&V/AX , where A X = w/2. Using the same approximation for the ion

velocity as before, v = w/t, the ion accelerating voltage required for the
observed oscillation period becomes

w2
V = 2J.Lt

The mobility is given in Appendix A as

P
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The gas temperature T is estimated as lO0°K above the cesium condensation
temperature (this is the approximate collector and tube wall temperature) to
calculate the mobility as a function of cesium pressure. The ion-accelerating
voltage calculated in this manner is shown on the right hand side of Figure 5.

There are three regions indicated in Figure 5. At low cesium
pressures the accelerating voltage is determined by dynamical considerations,
since the collision probability is very small. At high cesium pressures the
voltage is determined by collision processes, and can be calculated from the
mobility equation. In the intermediate pressure range the required voltage
will be larger than the accelerating voltage given by either the mobility
considerations or the dynamical relation alone. An accelerating voltage
something like the dashed curve is expected in this region.

Examination of Figure 5 indicates that the required ion-ac-
celerating voltage will always be larger than the thermal energy of ions in
equilibrium with the cesium gas, which is less than 0.1 eV. The voltages
of 0.5 to 1.0 volt are consistent with the fluctuations in output voltage and
grid voltage indicated by the experimental observations. The magnitude of
these voltages is also consistent with the sheath potential which might be
expected in a cesium plasma with aJlternating negative and positive charge
density,.

Oscillations were observed by Luke and Jamerson( 9 )in a diode
under conditions roughly similar to those in the 592 triode. Their tube had
a 0.010 inch thoriated-tungsten filament emitter and a cylindrical collector.
Three different collector diameters were used; 0.102 inch, 0.218 inch, and
0.437 inch. Oscillations were observed with the larger-diameter collector
over a wide range of emitter temperature, in agreement with the results pre-
sented here. Luke and Jamerson reported that the oscillation frequency is
roughly proportional to the square of the collector diameter and therefore
proportional to the square of the emitter-collector spacing. This is in
agreement with the mobility equation, which indicates that the period is
proportional to the square of the spacing at constant accelerating voltage.

Other workers using plane-parallel geometry and close
spacing report that the oscillation period is directly proportional to the
electrode spacing( 4 ). If the ion-accelerating voltage is constant, this is
in agreement with the dynamical relation, which would be expected to apply
when the spacing becomes less than the mean free path for charge-exchange
collisions.

I.
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Oscillations were observed by Carabateas and Koskinen(lO)

in a cesium filled tube with geometry similar to the 592 triode, except that
no grid was present. Their measurements indicate oscillations over a range
of cesium pressure from 10-6 to about 5 x 0"-3 torr, and show a decreasing
period (increasing frequency) with increasing cesium pressure. Our measure-
ments indicate that the oscillation period increases with increasing cesium
pressure. The reason for this discrepancy is not apparent at the present
time. A possible explanation is that their device employed a niobium emit-

ter, whereas the 592 triode has a thoriated-tungsten emitter. ThE different
emitter materials will provide a different ratio of ion-to-electron emission.
This difference may result in a different mechanism for the oscillations.

2. Grid Voltage and Changes in Plasma Potential

The open-circuit voltage between the grid and the emitter
was measured at each point where output voltage and current measurements
were taken. The grid voltage is shown as a parameter on the output voltage-

current characteristics in Figure 4. The sign convention used in this figure

for the grid voltage gives the grid voltage with respect to the emitter.

Attempts were made to measure the grid voltage-current
characteristic in order to obtain the plasma potential via the usual Langmuir
probe characteristic. It was found that at zero or positive grid bias the
grid current was too high to allow use of the grid as a Langmuir probe. This

is believed due to the large grid area, compared to the area of probes nor-

mally used in gaseous discharges. However, drawing fairly high grid current
caused only a small change in the output voltage and current.

The open circuit grid voltage should follow the plasma
potential at the grid location (1.7 mm from the emitter) quite closely, so

that a change in open circuit grid voltage should indicate a corresponding
change in the plasm potential.

[ In the retarding portion of the current-voltage character-
istics, ranging from the open-circuit voltage to the onset of oscillations,
the change in grid voltage is less than the change in output voltage. The

grid voltages in this region are shown on the 19450C curve to illustrate
this. A change of 1 volt in the output voltagelgoing from 2.2 volts open-
circuit to 1.2 volts at the onset of oscillations yields a change in grid
voltage of 0.4 volt. This indicates that, in the retarding portion of the

curve, the major part of the voltage change between the emitter and col-
lector occurs across either the collector sheath or the bulk of the inter-
electrode plasma.



r
March 1963 Report 25,081

Page 17

This observation agrees with previous measurements by Shaver(ll).
Shaver made pulsed Langmuir-probe measurements in a cesium plasma diode con-
sisting of a tungsten emitter and a concentric nickel collector. He observed
that the probe floating potential and the apparent plasma potential were not
strongly dependent upon the value of the collector voltage for collector
voltage& between -1 and -4 volts.

In the portion of the current-voltage characteristic just
after the cessation of oscillations, the grid voltage changes more than the
output voltage does, indicating a shift in plasma potential in the vicinity
of the emitter. Toward the higher negative-voltage portion of the character-
istic, the plasma potential appears to follow the output voltage quite
closely, indicating that the applied voltage is appearing across a sheath
at the emitter. This sheath voltage should be capable of lowering the work
function barrier at the emitter-plasma interface, which would increase the
output current to values larger than the zero-field emission. The voltage
applied across the very narrow emitter sheath can yield a high electric field
at the emitter surface. It is quite possible that we are dealing with a
patchy emitting surface, and that the sheath thickness is comparable to the
patch dimension, which then yields an anamolous behavior, sometimes referredI to as the "anamolous Schottky effect". This is further complicated by the
possibility that the sheath thickness can vary with the magnitude of the
applied voltage.

3. Relation of Oscillations to Saturated Electron Emission

Current-voltage characteristics are shown for various emitter
temperatures in Figure 6 . At all temperatures for which data were taken,
large-scale oscillations in output voltage and current were observed over a
portion of the characteristic. When the current is increased past a definite
and reproducible point on the characteristic, the oscillation amplitude drops
very sharply to essentially zero. The sudden cessation of oscillations
observed in the 592 triode led to the speculation that the current at this
point is closely related to the zero-field saturated electron emission
current.

Waymouth indicates that the cessation of oscillation i• a
measure of the saturation emission current in fluorescent lamp tubes(12).
This is based on a negative space-charge potential well near the emitter sur-
face such that positive-ion oscillations in this negatiVe well cause oscil-
lations in the voltage and current. When saturated emission current is drawn
from the emitter this negative potential well no longer exists and the oscil-
lations cease.
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This technique of using oscillations to measure saturation
emission currents was used by Zollweg and Gottlieb to measure the saturated
emission in a cesium diodeC4 ). They obtained good agreement between the
saturation current measured from oscillations and the saturation current
measured by examination of the slope 9f Ihe output current as a function of
the output voltage. However, Houston 5J points out that over at least part

of the experimental range covered by Zollweg and Gottlieb the ion current
was many times larger than that required for space charge neutralization of

the electron current, so that a stable negative potential well near the
emitter surface is not possible.

The current density at the cessation of oscillations in the
592 triode is plotted in Figure 6 as a function of the emitter temperature.
The work function 0 that corresponds to the observed current density can be
calculated from the emission equation

j J = 120 T2 exp (-l1,610 I/T)

This "effective work function" is shown in Figure 6. 'or purposes of com-
parison the vacuum work function of thoriated tungstenfl3) is also shown.
In addition, the effective work function calculated from the output current
density obtained by Houston fof a thoriated tungsten cesium diode operating
under short-circuit conditions 5) is shown. It can be seen that the
effective work function obtained from our oscillation data is lower than
that obtained from Houston's data and is between 0.2 and 0.3 eV higher than
the vacuum work function of thoriated tungsten. It is not expected that the
presence of cesium near the emitter would raise its work function; however,
the thoriated tungsten filament used in this experiment was probably notcompletely activated.

If we assume that the work function calculated from the
current density for cessation of oscillations represents the true zero-
field work function of the emitter surface, then we can calculate the
positive ion current from the Saha-Langmuir equation.

p/ V2 kT,

1 + 2 ex [ e(Vi - O7]

In addition, if we assume that the maximum space-charge-neutralized electron
current density is given in terms of this ion current density by the relation

!~J"
J_ M+ 492J+ _F

I+
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then we can calculate this electron current density. The result of these
calculations, using the work functions from the oscillation data, is shown
in Figure 6.

Comparison of this space-charge-neutralized current density
curve with the actual current density at the cessation of oscillations in
Figure 6 indicates that it is unlikely that the electron current was space-
charge-limited during oscillations. This observation is not compatible with
the physical picture of a negative space-chqrge potential well with po itive
ion oscillations as proposed by Waymouth(12)or by Zollweg and Gottlieb4 ).
Therefore, there is not a clear-cut relation between the cessation of oscil-
lations and saturated electron emission in the 592 triode and in other
thermionic converters.

Examination of the voltage-current characteristics indicates
that in some cases the current density increases rapidly after the cessation

of oscillations. This large increase for relatively small changes in output
voltage may mean that the oscillations stop before zero-field saturated

emission is reached, or that it may mean that the increased current is field-
enhanced because of the anamolous Schottky effect mentioned in the preceding
section.

!

I
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IV. PULSED-DISCFARGE NEASUREKENTS

A. General Approach

Background information for this portion of the program was obtained
under the Marquardt Corporate Independent Research Program( 2, 14). A study was
performed on a low-temperature cesium diode with an oxide-type emitter. A
short (sub-microsecond) pulse was applied to this diode to create positive ions.
It was observed that these ions were effective in neutralizing the electron
space charge, and electron currents after the pulse were observed which were up
to 100 times larger than the steady-state space-charge-limited current. The
diode current after the pulse showed an exponential decay with a time constant
which varied from about 5 microseconds at 10-3 torr, to 100 microseconds at
0.3 torr.

The purpose of the pulsed-discharge experiments performed under
this program is to determine the feasibility of and establish criteria for the
use of transient-measurement techniques to investigate current-density limiting
factors in an intermediate temperature cesium diode. The experimental technique
consists of applying a pulsed discharge to the test cell and observing the
effect on the output current after the pulse is fired. This provides a measure-
ment of the emission-limited current, since positive ions resulting from the
pulsed discharge can be used to neutralize the electron current after the pulse.
If the diode operation is space-charge-limited, then a large increase in
current is observed after the pulse; whereas, if the current is nearly emission
limited, then only a small increase is observed. In addition, measurements of
the time required to establish equilibrium conditions after a pulsed discharge
provides information on the basic physical mechanisms involved in thermionic
converter operation.

IB. Experimental Equipment

1. PlD Test Cell

A PlD (plane-parallel geometry, 1.25 cm2 emitter area diode)
cesium thermionic converter has been fabricated for this program. This con-
verter is shown in Figure 7. The emitter and collector electrodes are molybdenum,
and the electrode spacing can be changed during converter operation. The
emitter is heated by electron bombardment from a thoriated tungsten filament.
The configuration of this test cell facilitates transient measurements; co-
axial current and potential leads (not shown in photograph) are used.

I

I



March 1963 Report 25,081
Page 22

I

PID THERMIONIC CONVERTER TEST CELL

DIODE PUMP-OUT I SPACING ADJUSTMENT
TUBULATION SCREWS

SYNTHETIC SAPPHIRE WINDOW
FOR MEASURING EMITTER
TEMPERATURE AND ELECTRODj SPACING

S• BLACK-c3ODY

TEMPERATURE MEASUREMENT
EMITTER • HOLE

CEIU
RESEV"O'R

BOM3ARDMENT
FILAMENT LEAD

"�IBOMBARDMENT

r ILAMENT LEAD

BOMBARDMENT
PUMP-OUT TUi3ULATION

R- 12,801 Figure 7

F!ur



I
March 1963 Report 25,083.

Page 23

2. P11D Test Cell

During the letter part of the contract year, some pulsed-dis-
charge experiments were performed on the P11D (plane parallel geometry, ll.4
cm2 emitter area, diode) thermionic converter, which is used primarily for
other programs at Marquardt. This converter is essentially a scaled-up version
of the test cell shown in Figure 7, except that stainless steel is used as the
collector material.

1 3. High-Current Pulse Generator

A high-current pulse generator was designed and fabricated for
this program. Silicon controlled rectifiers are used to discharge a variable
capacitor bank in a short pulse across the diode, and to provide current for
measurements after the pulse discharge. The pulse width and amplitude are
continuously variable, as well as the amplitude and rate of decay of current
after the pulse is fired. The RC time constant of this circuit can be
adjusted to yield an approximately constant output voltage during the current
decay process which occurs after the pulse discharge.

SC. Experimental Procedure

The experimental procedure for the pulsed di scharge experiment
can best be illustrated by refering to the typical example shown in Figure 8,
which is drawn from photographs of oscilloscope traces obtained during a
pulsed discharge and the subsequent current decay. In the initial portion of
the trace, before the pulse, the output current is zero, so that the output
voltage is equal to the open circuit voltage of 1.3 V. At the beginning of the
pulse, the current density increases to 5.3 A per cm2 as the voltage is in-
creased to 4 V applied. During the pulse the current is approximately con-
stant while the voltage decreases due to the increased ion density and de-
creased space-charge barrier resulting from electron-atom ionizing collisions.
Just after the pulse the current decreases to 2.6 A per cm2 at an output
voltage of 0.5 V. When the circuit is adjusted to maintain the voltage
approximately constant an exponential current decay is observed.

Inductive voltage spikes appear on the output voltage trace when
the current is changing rapidly. These inductive voltages are not actually
present between the emitter and collector, but are due to stray pickup by
the wires comprising the voltage probe. This was shown to be the case by a
brief experiment in which the electrodes were shorted together and a pulse was
applied to the short-circuited converter. Voltage spikes still appeared,
which was due to mutual-inductance coupling between the cables supplying the
pulse to the diode and the output-voltage probe cables. The inductive voltage
was observed to be negligible compared to the ogitput voltage when the current
was changing slowly, as during the decay portion of the trace. In later
experiments, the inductive reactance was reduced to about 10% of the value

I
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here by using properly designed coaxial voltage and current leads to the
diode, and by connecting the current leads so that coaxial current flow is
maintained in the diode. (The outer envelope of the diode is used as the
return path for the emitter-collector current).

Data reduction consists of measuring the pulse amplitude (maxi-
mum voltage and maximum current) and pulse width, as well as the maximum
current after the pulse and the time constant of the pulse decay. This time
constant is defined as the usual e-folding time t (the time required for the
cuarrent density J to decrease to e 1 of the initial value Jo Just after the
pulse) given by

J(t) J. e'

J( = Jo/e

The steady-state current-voltage characteristics were obtained for
comparison with the diode voltage and current just after the pulse. A variable
high-current DC power supply was connected across the diode, the output of this
supply was varied, and the resultant diode voltage and current were recorded
with an x-y recorder. As a check on the characteristics obtained in this man-
ner, the current-voltage characteristic was swept with the output of a 60 cps
high-current AC power supply. The characteristic curves were displayed on an
x-y oscilloscope and photographed to record the data. The results obtained
in this manner agreed fairly well with the DC values.

D. Experimental ResuLlts

The results obtained in the pulsed-discharge experiments are sum-
marized in Figures 9, 10 and 11 and are compared to the steady-state current-
voltage characteristics at the same operating conditions. Figure 9 shows re-

sults obtained with the PlD converter at an emitter temperature of 13000C and
a cesium pressure of 1 torr. Results obtained at 2.7 torr with the PlUD con-
verter at emitter temperatures of 12700 C and 13050C are shown in Figures 10
and 11 respectively.

1. PlD Converter, Te = 13000C

Figure 9 compares the steady-state current-voltage character-
istic with the current and voltage obtained Just after a pulsed discharge. The
open-circuit voltage of the steady-state characteristic is 1.6 V. When the
output voltage reaches a value of -0.7 V a sudden transition to the ignited-
mode branch of the curve is observed. This ignited mode can then be traced in
a stable manner provided that the output voltage does not increase beyond
about +0.7 V. The maximum power density on the ignited-mode curve is 0.65 W
per cm2 1 for the indicated cesium pressure of 1 torr. The power density at
this emitter temperature can be increased by increasing the cesium pressure,
and a further increase can be obtained by reducing the electrode spacing.

I
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COMPARISON OF STEADY-STATE AND PULSED
VOLTAGE-CURRENT CHARACTERISTICS
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COMPARISON OF STEADY-STATE -AND PULSED
VOLTAGE-CURRENT CHARACTERI STICS
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The experimental points corresponding to the voltage and current
Just after a 10 V, 10 A per cm2 pulse are shown. The maximum power density for
the curve drawn through these points is about 1.0 W per cm2 . At the low-
current end of this curve an exponential current decay with a decay time of
about 10-3 seconds was observed. The decay time corresponding to points at
the higher-current end of the curve, near short-circuit conditions, was about
50 to 100 microseconds; this value is only approximate since the voltage
was changing during the current decay process .jae to a mismatch between the
time constant of the circuit and the converter. This difficulty was corrected
in later experiments.

2. PllD Converter, Te = 12700C

The steady-state and pulsed current-voltage characteristics of
the PllD converter shown in Figure 10 were obtained at an emitter temperature
of 12700C. The maximum power density for steady-state operation, which occurs
on the ignited-mode portion of the characteristic, is 0.80 W per cm2 . *The
pulsed characteristics of this converter were obtained with a wider pulse than
was used with the PlD converter. At the maximum current on the pulsed character-
istic, the decay time was about 40 microseconds; the decay time at higher
output voltage and lower current was about two or three times larger than this
value. At the maximum power point the output power density is 2.6 W per cm2 .

3. P11D Converter, Te = 130,°oC

The steady-state and pulsed characteristics of the Pl1D con-
verter were obtained at conditions similar to the preceding experiment except
that the emitter temperature was increased to 13050C. As shown in Figure 11,
the results are comparable to those obtained at the lower temperature. The
maximum steady-state power density is 0.95 W per cm2 ,*whereas the maximum
power density on the pulsed characteristic is about 2.5 W per cm2 . The decay
time near the center of the pulsed characteristic is 70 microseconds; the
decay time near short-circuit conditions is about half of this valueand the
decay time at 1 V output voltage is about 100 microseconds.

E. Discussion and Interpretation of Results

Ihe experiments which are sunmnarized in the preceding section
should be considered as exploratory measurements to investigate the feasi-
bility of the pulsed-discharge technique for investigating current-limiting
factors in thermionic converters. The data indicate that this method can be
quite useful in the determination of the basic physical mechanisms that enter
into cesium diode operation. These results provide the foundation for a
systematic investigation of current-limiting factors and thermionic converter
physics.

* This is not the maximum power density for this emitter temperature. The
maximum would be obtained by increasing the cesium pressure and decreasing
the electrode spacing.
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I1. Output Current Density

The pulsed current-voltage characteristics in Figure 9 can be
compared with the characteristics shown in Figures 10 and U1. Figure 9 was
obtained at a cesium pressure of 1 torr, whereas the cesium pressure in Figures
10 and 11 was 2.7 torr. It can be seen that the difference between the pulsed
and steady-state curves is much larger at the higher cesium pressure. Of
course, the results are not completely comparable since the pulse width and
amplitude were different at the different cesium pressures.

It is interesting to compare the current density obtained withJ the emission-limited current density predicted b~y electron-emission studies such
as those reported by Aamodt, Brown, and Nichols(15). This reference shows a
Langmuir-Taylor diagram for the electron emission of molybdenum in cesium vapor
at various pressures. At a surface temperature of 1270TC and a cesium pressure
of 2.7 torr, as in Figure 10, this diagram predicts an emission-limited current
density of 10 A per cm2 , which corresponds to an effective work function of 2.3
eV. At the high-current end of the pulsed characteristic in Figure 10, the cur-
rent density is 4.4 A per cm2 at an output voltage of 0.5 volt. Substitution of
this current density into the emission equation

I j = 120 o 2 exp (-11,610 o/m)

predicts a work function of not more than 2.4 eV, which is in agreement with the
j Langmuir-Taylor diagram.

This current density is also compatible with the observed output
voltage. At the collector temperature used, we would expect a collector work
function of about 1.7 eV due to cesium adsorption on the collector surface.
The collector Fermi level is displaced with respect to the emitter Fermi level
by the output voltage of 0.5 V. Therefore, the space just outside of the col-
lector surface will be at a potential of 0.5 + 1.7 = 2.2 V with respect to the
emitter Fermi level. Since the emitter work function is 2.3 to 2.4 eV, we have
a net accelerating voltage of 0.1 to 0.2 V across the interelectrode space.

II For comparison, we can perform the same type of calculation on
the data shown in Figure 9 for a lower cesium pressure. The short-circuit
current on the pulsed characteristic in this figure is 3.4 A per cm2 whichIi corresponds to a work function of 2.5 eV. However, the saturated emission
obtained from Reference (15) indicates a current density of 1.5 A per cm2 ,
corresponding to a work function of 2.6 eV. Two possible causes of this

"J discrepancy are:
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1. The saturated emission current indicated by the data
in Reference (15) is too low.

2. An excess of positive ions in the interelectrode region
gives rise to a strong electric field across a positive
sheath near the emitter surface which lowers the emission
barrier by 0.1 eV.

The general conclusions that can be drawn from the pulsed-
discharge data in Figures 9, 10 and 11 is that the output current at positive
values of output voltage can be increased appreciably by increasing the
positive ion density. This is paiticularly true at higher cesium pressures
where the pulsed characteristic indicates a much higher current density at each
output voltage point than the steady-state characteristic. This is to be
expected, since the work function is lowered enough to produce a current
density several times larger than would be obtained at 1.0 torr.

1 2. Interelectrode Potential and Positive Ion Mobility

The current decay times measured in these experiments allow an
estimate to be made of the potential in the interelectrode region. This
estimate is based on the hypothesis that the transit time for positive ions
from the interelectrode space to the emitter and/or collector electrodes is
approximately equal to the observed decay time. This seems reasonable since
the increase in current over the steady-state value depends upon the increased
ion density supplied by the pulsed discharge.

As indicated in Appendix A, the primary collision process contri-
buting to the ion mobility is charge-exchange collisions, which impede the
motion of positive charge to the electrodes. Tb determine whether charge
exchange is important under our experimental conditions, the mean free path
for a charge-exchange collision will be compared with the emitter-collector
spacing.

The mean free path for ion-atom collisions is given in terms
of the average atomic cross section Q and the average atom density R as

1

As indicated in Appendix A, charge exchange will be the dominant collision
process, with 1 2 x 10-13 cm2 . The average gas temperature is assumed
to be equal to the average of the emitter and collector temperatures, yielding
Tg = 12500K. The cesium pressure is 2.7 torr, so that the gas density is

9.67 x 1018 -• 2.1 x 1016 atom/cm3,

IT



March 1963 Report 25,081
Page 32

I
This yields a mean free path of 2.4 x 10-4 cm. Since the emitter-collector
spacing of 8.1 x 10-2 cm is much larger than the mean free path, an ion will
be scattered many times before reaching the emitter or collector surfacek and
the mobility equation can be used to examine the ion motion.

The ion mobility is

3o cm2/V-sec

which yields *= 40 cm2 /V-sec. The mobility equation,

V v

can be written as

AV = ( -

where AX is the distance an ion travels in a time At, and the electric
field is E = AV/AX.

This equation can be applied to the pulsed discharge experi-
ment by approximating the (unknown) potential distribution during the decay
process after the pulse by a linear one. There is an excess of positive
charge in the interelectrode region, so that the electric field will drive ions

, to the emitter and/or collector surfaces, where recombination occurs. AV is
the potential V at the middle of the interelectrode gap minus the potential
just outside of the emitter or collector. At is the decay time, t, and A X
is w/2, one half of the spacing, so that

Figure 11 indicates a decay time of 7 x 10-5 second, so that the voltage cal-
culated in this manner is V = 0.6 volt.

At this point it is interesting to consider the implications
of this calculated voltage of 0.6 V. The ion energy corresponding to this
voltage is considerably larger than the expected thermal energy of positive
ions, given by

a kTg0•O1l5 V.
2 e
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I
Therefore, the magnitude of the decay times observed will require the presence
of a voltage gradient if the mobility considerations in Appendix A are valid.
This voltage would be maintained by a slight excess of positive ions over
electrons in the interelectrode region. The positive ions would be supp ie•
by ionizing collisions of electrons accelerated into the positive region-1 6 ).

A recent qualitative calculation(l7) indicates that electron
emission from the emitter of a thermionic converter may still be space-charge
limited even though part of the interelectrode volume is at a positive
potential. This physical picture requires an "S" shaped potential distribution
such that the interelectrode region is negative (with respect to the top of
the emitter work-function barrier) near the emitter and positive near the
collector. The calculation referred to does not consider the effect of a
finite ion mobility, which will certainly modify the potential distribution.

i The exploratory measurements reported here, together with the
calculations sunmmarized in Appendix A, indicate that ion mobility due to
charge-exchange collisions may play an extremely important part in determining
the current-limiting factors in cesium thermionic converters. Further
quantitative work is required to obtain a better understanding of the im-
portance of these factors. It seems reasonable to expect that this improved
understanding will show the way ÷oward increasing the output current and
improving the performance of the intermediate-temperature thermionic converter.

IT

I
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VI. FUTURE APPROACH

A. Pulsed Measurements of Current Density

Future measurements'are planned to extend the measurements of the
current decay after a pulse. The extension of work will include measurements
over a wider range of parameters and observation of characteristics which were
not previously studied. The increased range of parameters to be studied shouldassist in separating the volume and surface ionization effects by providing a
range of data where one or the other of these effects predominates.

Information relative to the physical process controlling the pro-
duction and loss of cesium ions in the interelectrode region will also be ob-
tained from the pulse decay measurements. For example, a short decay time
implies that the interelectrode region is at a positive potential with respect
to the emitter. Under these conditions, electrons will be accelerated across
a sheath away from the emitter surface, and may be capable of ionizing cesium
atoms in the interelectrode volume.

B. Investigation of Volume Ionization Ignition

An "ignition" transition associated with volume ionization is often
observed during cesium diode operation. This is indicated by either a discon-
tinuous voltage-current characteristic curve, or by a discontinuous change in
the slope of the curve. These transitions are observed to occur in the lower-
temperature and intermediate-temperature thermionic converters. The ignition
process is accompanied by increased power output caused by the ensuing highf current level.

In these studies ignition will be achieved by rapidly switching a
charged capacitor across the diode output and observing the voltage level at
which the transition occurs. The various criteria for obtaining ignition will
be noted. The time delay between switching the capacitor across the diode and
ignition will be recorded as a function of the capacitor voltage and charge
transferred through the diode. It is expected that a higher capacitor voltage
will result in a faster transition to volume ionization. Observation of the
transient current during the ignition process will yield data on the total
charge before ignition takes place as a function of the ignition voltage and
the diode parameters.

It is expected that data obtained in these experiments will aid in
identifying the ionization mechanism when ignition occurs. Information con-
cerning stability of the volume-ionization mode of operation will be obtained.

! I
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C. Analysis of the Relationship Between
Surface and Volume Effects

The investigation of current-limiting factors involved in the
operation of a thermionic converter may be considered to be a study of two
basic mechanisms: 1) the electron producing process (a surface effect) and
2) the process through which the space charge is modified by the introduction
of positive ions (surface and volume ionization effects). The mechanisms
involved cannot be treated separately in a study of thermionic converters.
The operation of a converter depends upon a complex relationship between volume
and surface conditions. Some research which has been done, attempts to discover
relationships between the converter environment parameters and performance
characteristics of the converter. However, part of the difficulty in inter-
preting some of the published experimental results is caused by inadequate
experimental control over the different mechani-sms involved in the effect
under investigation. Thus, effects are not well-separated for analysis and

reliable conclusions cannot be arrived at.

It is expected that the data obtained in this program will provide
verification and possibly numerical constants for some of the theories in the
literature that pertain to volume and surface effects in cesium diode operation.
In some cases the data will be used for correction of existing theories or
possibly as a basis for the formation of new theories. It is expected that
this increased understanding of the basic mechanisms of cesium diode operation
will provide a basis for improving operation of the intermediate-temperature
thermionic converter.
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APPENDIX A

CHARGE EXCHANGE COLLISIONS AND ION MOBILITY
IN CESIUM THERMIONIC CONVERTERS

1. Importance of Charge Exchange in Cesium Diode
Thermionic Converters

In the cesium diode thermionic converter, positive cesium ions are
required for the neutralization of electron space charge. Positive ions are
produced by either surface or volume ionization, or sometimes both. Charge
exchange collisions are important because they can reduce the velocity of
positive ions within or across the interelectrode space.

When charge exchange occurs between a positive ion and a neutral
atom, an electron is transferred from the atom to the ion, so that the ion is
neutralized and the initially-neutral atom becomes a positive ion. If the
ions are moving with a directed velocity due to either an electric field or
a density gradient, charge exchange collisions tend to randomize the transport
velocity of positive charge. (This will be explored in more detail in the next
section).

Charge exchange is particularly important in the high-cesium-pres-
sure thermionic converter operating in the ignited mode. For this mode of
operation os tive ions are produced by volume ionization in the interelectrode
cesium gas1 . Slowing down the positive ion motion to the electrodes, where
surface recombination occurs, results in an increased ion density in the inter-

electrode volume. This will drive the interelectrode space more positive,
which in turn can result in an increased volume ionization rate if the ioni-
zation is due to electron acceleration and subsequent ionizing collisions.
Equilibrium will be reached when the ion loss rate due to the increased
electric field equals the increased ion production rate.

Charge exchange between ions and neutrals of the same species is a
resonant reaction (large cross-section) since the total energy of the (ion
plus atom) system will not change appreciably. That is, the energy required
for the process

CSA+ + CsB 10 CsA + CSB+

is very small or zero due to symmetry. If the kinetic energy difference
between the ion and the atom before collision is small, then the charge ex-
change cross-section will be much larger than the elastic scattering cross
section. This is not the case for a charge exchange collision between
different species, since the difference in ionization potentials requires
kinetic energy to be liberated or absorbed. For example, the cross-section
for the process
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Ar + Ne+--- Ar + Ne + Kinetic Energy

is smaller than the elastic scattering cross-section.

2. How Charge Exchange Reduces the Charge Transport Velocity

The method by which charge exchange reduces the charge transport
velocity will be illustrated by first considering a simplified case in which
the ion A+ is moving parallel to an electric field and the neutral atom B is
stationary. Charge exchange is a quantum-mechanical process; however, a
classical description of the mass motion of the two particles is an extremely
good approximation. It is convenient to consider the impact parameter b forj a charge exchange collision:

E

b = Impact Parameter
CS Ion

j Cs Atom

There is a critical value, bc, of the impa~t8parameter, such that
the possibility of charge exchange is 1/2 at b = bc. 18) For 0 < b < bc, the
probability of charge exchange oscillates between 0 and 1 with an average
value of 1/2, and for b slightly larger than bc the probability is essentially
zero (i.e., for b > bc, the probability goes rapidly to zero with increasing
b; P-e"40 where Cxbc >> 1).

In Figure 12 the motion is approximated by classical hard-elastic-
sphere scattering, with the ion (atom) diameter equal to bc. Charge exchange
is an elastic collision process in the sense that the total kinetic energy
and the linear momentum are both conserved. This scattering process is il-
lustrated for several different collision-plane angles. Case 1 in Figure 12
shows a head-on collision between the ion A+ and the atom B. After the
collision, A is motionless and B+ is carrying the charge with no change in
direction or velocity, so that the collision has no effect upon charge
transfer. In Case 2, a scattering collision is shown for a 450 angle between
the collision plane and the initial velocity of At. After the collision, B+
has a velocity component in the direction of the electric field which is one-
half of the original charge velocity. Case 3 shows the worst possible case
for charge transport, which is a glancing collision that leaves the positive
charge with zero velocity Just after the collision.

I
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CHARGE EXCHANGE COLISIONS

EFORE COLLISION AFTER COLLISION
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Conservation of kinetic energy and momentum result in the vector

diagram shown at the bottom of Figure 12. If the initial velocity of the ion
is drawn as the diameter of a circle, then the circle is the locus of all
possible velocity vectors after the collision. It can be seen that the com-
ponent of the charge velocity in the direction of the electric field varies
from zero to VA+, the initial charge velocity, so that, on the average,
charge transport will be slowed down by charge exchange collisions.

If the atom B is moving due to thermal energy, then charge exchange
collisions with B moving toward A+ are more probable than collisions with B
moving away from A+. Therefore, increasing gas temperature will result in
increased slowing down of charge transport, as compared to the simplified
case discussed above.

This simple picture is complicated by polarization forces, since an
ion induces dipole moments on neighboring atoms and interacts with the resul-
tant dipoles. The attraction due to polarization increases the effective
charge exchange cross-section. In cesium this dipole interaction becomes im-
portant when the ion energy is 1 eV or less.

3. Momentum Exchange Cross Section for Charge Exchange Collisions

In a recent calculation(19), J. W. Sheldon has calculated the charge
exchange cross section by extrapolating experimental cross-section data to low
ion energies. His extrapolation formula is based on the theoretical form of
the charge exchange cross section, and a correction for polarization effects
is included. The experimental data cover the ion energy range from 6 to
10,000 eV, whereas in a cesium diode an energy range of about 0.1 to 1 eV is
of interest. Since the extrapolation is over a comparatively small energy
difference, Sheldon's calculations should be ;easonlbly accurate. Sheldon
used four different sets of experimental data(20-23) . The momentum exthange
cross section Q (twice the collision cross section) calculated for an ion-f- atom relative energy of 0.1 eV varies from about 1.3 x 10-13 to 3.0 x 10-13 cm2 .

4. Positive Ion Mobility

To describe the average ion motion with an applied electric field,
the mobility equation is used. The mobility is defined as a ratio of the
equilibrium ion velocity (the velocity after many collisions) to the electric
field, so that

The iobjlity is calculated from the average momentum exchange cross-section
~as 118

e 1

where M is the mass of the atom (ion), k is Boltzmann's co~tant, Tg is the
gas temperature, No is the standard gas density (2.69 x 10• atom per cm3 )
at 0C and 760 torr.
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An equation of this form (in error by a numerical constant) can
be derived by making some simplifying assumptions. The random velocities
of the cesium ions and atoms will be assumed equal (ions in thermal equi-
librium with gas), and the average directed velocity of the ion Just after
a collision will be assumed to be zero (complete randomization after a
collision).

The average time interval t between collisions is given by

c
where X is the ionic mean free path and E is the mean velocity of the ion,
given by kinetic theory as

2

c 7rk~

so that

On the average, the ion is accelerated between collisions from zero velocity
to a maximum velocity given by

max T T

ii The average velocity (drift velocity) is one half of the maximum velocity,

[ rav t =e -Mg2 M T Y- ,7k~
so that the mobility is

2 Mk •

In terms of the momentum exchange cross section Q, given by

the mobility is

4.(l e 1

0-313 e 1
FM IFt
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There are two criticisms of this simplified derivation. 1) The
"probability for forward scattering is greater than that for backward
scattering, so that the average directed velocity ro just after collision
is not zero. 2) The average time 7 between collisions depends upon the
direction of scattering.

A rigorous derivation of the mobility, which takes into account the
statistical distributions of T and ro, yields(24 )

e 1

I 0~.666 e 1

It can be seen that this differs from the expression derived here by about
I a factor of 2.

The average momentum-exchange cross section Q is obtained by inte-
grating over the Boltzmann distribution about the gfs temperature under con-
sideration. Sheldon has performed this calculation 19), which yields
Q = 2 x 10-13 cm2 for a gas temperature of 3000K. The corresponding mobility*
is 4 0 = 0.0632 cm2 /(V-sec).I

To apply this equation to the cesium diode, we will assume that
= 2 x 10 1 3 cm2 and is independent of the gas temperature. Figure 1 in
Sheldon's calculation indicates that the cross section will not change
drastically over the gas temperature range considered here.

The above mobility,J4o = 0.0632 cm2 /V-sec at T% = 300*K, has been
reduced to the standard gas density of No = 2.69 x 1019 atom per cm3 . This
gas density corresponds to Po = 760 torr and To = 273*K. To find the
mobility at a different gas density, it can be noted that

N= N•- ToPo Tg

* Sheldon has calculated four valugs of obility from the four sets of
experimental reference data used-20"23 . The value given here is the
average of Sheldon's four values. Q is calculated from this average
mobility.
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so that
poT

ýto 'p To'

If the gas temperature under the square root sign (the gas-kinetic term) in
the expression for the mobility is also allowed to change, then

ý760\ \M

Ft=FL-9P)I

Using Sheldon's value Of o = 0.0632 cm2 /(V-sec),

3.06JT
•- p

where Tg is in °K
p is in torr.

This is the formula for the mobility used in this report.

I

F
I
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